Single crystal tungsten ditelluride (WTe 2 ) has recently been discovered to exhibit non-saturating extreme magnetoresistance in bulk; it has also emerged as a new layered material from which atomic layer crystals can be extracted. While atomically thin WTe 2 is attractive for its unique properties, little research has been conducted on single-and few-layer WTe 2 . Here we report the isolation of single-and few-layer WTe 2 , as well as the fabrication and characterization of the first WTe 2 suspended nanostructures. We have observed new Raman signatures of single-and few-layer 
Introduction
Following the advent of graphene, 1 atomic layer two-dimensional (2D) crystals derived from layered materials, especially transition metal di-chalcogenides (TMDCs) such as MoS 2 , 2 WSe 2 3 and MoTe 2 , 4 have generated enormous interest. The attractive new properties of these 2D crystals have spurred remarkable efforts on exploring new electrical, 5 optical, 6 and mechanical devices 7 based on these layered materials. Among various device structures, suspended, movable 2D flakes make a special platform with controllable mechanical degrees of freedom, which not only frees the crystal from the bonding of substrates, but can also enhance device performance and versatility. For example, suspended graphene transistors exhibit ultra-high mobility up to 200 000 cm 2 V −1 s −1 (ref. 8) , and a suspended monolayer MoS 2 crystal can have orders of magnitude enhancement in photoluminescence (PL) intensity over its on-substrate counterpart. 9 Moreover, suspended structures based on atomic layers are essential to enable 2D nanoelectromechanical systems (NEMS) such as ultrasensitive transducers and radio-frequency resonators. In particular, 2D materials possess remarkable mechanical properties such as high Young's modulus (e.g., E Y ≈ 1 TPa for graphene 10 ) and ultrahigh strain limits (σ limit ≈ 30% in black phosphorus 11 ), making 2D materials highly promising for nanoscale sensors and actuators, and for integration with state-of-the-art NEMS to go across orders of magnitude length scales 12 for enabling new integrated nanosystems. The recent discovery of giant magnetoresistance in WTe 2 , 13 resulting from the perfect balance between electron and hole populations, 14 has stimulated great interest in WTe 2 as a new layered material with important potential device applications. Similar to studies on other forerunners of 2D crystals, Raman spectroscopy has been a very important means for characterization. While earlier Raman studies of WTe 2 (on SiO 2 substrates) have identified up to 7 Raman modes, many theoretically predicted modes remain to be observed. [15] [16] [17] [18] [19] In addition, suspended WTe 2 structures can offer better control over material properties in WTe 2 such as mechanically engineering the magnetoresistance through manipulating the strain. Therefore, it is fundamentally important to systematically characterize the material properties including the mechanical properties of suspended WTe 2 crystals. In this work, we fabricate both on-substrate and suspended WTe 2 structures and investigate both the lattice vibration via Raman spectroscopy and the coherent mechanical resonances of the entire suspended device structures. We observe a total of 12 Raman modes, all predicted by theoretical calculations, [15] [16] [17] [18] [19] and their evolution over number of layers.
Raman characterization of single-and few-layer WTe 2 Fig. 1a and b show the WTe 2 crystal structure. The atomic layers stack along the c-axis, and within each atomic layer the tungsten (W) atoms (lined up along the a-axis) are off-centered from the higher symmetry sites (Fig. 1b) , forming the distorted octahedral structure: 20 the W atoms are sandwiched between two Te atomic sheets; the three nearest Te atoms from each sheet form a triangular pyramid with the W atom, with the two resulting opposing pyramids rotated 180°(along the c-axis) from each other. The Raman measurement system used in this study is integrated into a home-built optical interferometer for ultrasensitive detection of the motions of the suspended samples, as illustrated in Fig. 1c (see Methods section) . Some of the representative samples are displayed in Fig. 2 . We have carefully prepared and verified multiple single-layer (1L) flakes ( P11 (212.0 cm −1 ), and P12 (213.9 cm −1 ) exhibit high intensity among measured peaks and are well matched to the predicted Raman modes. [15] [16] [17] [18] For some of the B 1 and B 2 Raman modes that would not be favorably excited in our measurement scheme if considered only theoretically, we are still able to measure them due to out-of-plane polarization induced by the high numerical aperture (NA) of the microscope objective 21 in our experimental configuration. By measuring crystals of different thicknesses, we explore the thickness dependence of Raman modes. (Fig. 2a) , the 3 Raman peaks exhibit larger FWHM values (7-22 cm −1 ) (see Fig. 2b , j and k) than in thicker layers. Fig. 2j shows the evolution of Raman spectra from 8L down to 1L WTe 2 . We observe that the intensities of P1 to P8 remain mostly unchanged from 8L down to 4L, but significantly decrease in 3L to 1L WTe 2 . This thickness dependence of Raman intensities in P1 to P8 Another important finding is the intensity evolution of P11 and P12 modes. Interestingly, the Raman peak around ∼215.9 cm −1 is composed of two peaks (P11 and P12) with unique thickness dependence of Raman intensity (Fig. 2k) . In this pair, P11 is very strong in 8L, and then gradually declines from 8L to 4L, and is eventually too small to measure in 3L to 1L. This is similar to the behavior of P8. Meanwhile, P12 intensity increases as the thickness decreases, and becomes dominant in 1L to 3L WTe 2 . We attribute these observations to the transition of the space group in WTe 2 .
16,18
In addition, we observe a clear and distinctive thickness dependence in the Raman shift for all 12 peaks (Fig. 2l-o) . The thickness dependence of the 12 modes exhibits three trends: softening (P4, P7, and P9), stiffening (P1, P5, P8, P11 and P12) and invariant (P2, P3, P6, and P10) as the WTe 2 thickness decreases from 8L to 1L. Among all these Raman modes, we find that P1 has the greatest shift (Δω ≈ 7 cm 16, 19 in particular, modes P6, P8 and P12 consist of both in-plane and out-of-plane motions, thus showing both stiffening and softening, as we have observed. Theory also predicts that mode P10 has displacement purely along the W atomic 1D chains, and is insensitive to crystal thickness, 16, 19 which is also consistent with our observations. We now examine the Raman spectra from both suspended and on-substrate regions of the same WTe 2 flakes. Fig. 3a shows the Raman spectra from a 13L WTe 2 crystal. In this sample, the WTe 2 flake partially covers the microtrench, making a leaking aperture. Hence, when we locate it in the vacuum chamber, the pressure levels both inside and outside the cavity quickly equilibrate to vacuum. We find a slight FWHM narrowing in suspended WTe 2 Raman modes compared to those from on-substrate WTe 2 . This may be attributed to reduced coupling to the substrate and minimal damping from air molecules. In contrast, a completely sealed 10L WTe 2 diaphragm (see Fig. 3b ), which sustains atmospheric pressure inside the cavity when placed in the vacuum chamber, exhibits a slightly broader FWHM in all the Raman modes from suspended WTe 2 than those measured from on-substrate regions on the same flake, suggesting that damping from air molecules may play a role in Raman scattering of suspended WTe 2 .
Properties of suspended WTe 2 via resonant measurements
We investigate resonance characteristics of suspended WTe 2 structures. Fig. 4a-d show the measured resonances from WTe 2 circular drumhead resonators of varying dimensions, with resonance frequencies of 8.6-32.1 MHz, all in the high frequency (HF) and very high frequency (VHF) bands, and quality (Q) factors of 67-249. We summarize resonance frequencies and Q values of all the measured devices in Fig. 4e and f.
We further perform analytical modeling on frequency scaling and compare the results with the measurement results. The fundamental-mode resonance frequency f 0 of the WTe 2 resonators can be expressed as: 24, 25 
Here, ρ 2D is the area density (ρ 2D = ρ 3D × t, where ρ 3D = 9430 kg m We extract Young's modulus and built-in tension levels of the WTe 2 resonators by comparing measurement results with analytical calculations (eqn (1)). Fig. 5 plots the frequency scaling of WTe 2 resonators using eqn (1) with diameters of 1.7 µm, 3 µm, and 5 µm, clearly showing the elastic transition from the 'membrane limit' (tension dominanting) to the "disk limit" (flexural rigidity dominanting) as the crystal thickness increases. The resonantly tested devices (with thickness from 8 nm to 27 nm) operate in the transition regime, where their resonance frequencies are determined by both Young's modulus and the pre-tension. From the data we extract the averaged Young's modulus of E Y ≈ 80 GPa with a standard deviation of σ ≈ 30 GPa, and built-in pre-tension levels of ∼0.05-0.5 N m −1 . These results are consistent with theoretically predicted Young's modulus of WTe 2 . 27, 28 We note that in this mixed elasticity model, it is more important to find both the tension and E Y values. In order to determine E Y more precisely, we shall resort to devices that are completely in the disk regime, and are almost independent of tension. In our experi- ment, we have not seen any thickness dependence of Young's modulus. Further, we have verified that the uncertainty of Poisson's ratio does not give a noticeable deviation to our frequency scaling and Young's modulus estimation. In fact, using different Poisson's ratio values (such as using ν = 0.3 to replace ν = 0.16) in eqn (1) only generates negligible differences.
Conclusions
We have characterized both on-substrate and suspended fewlayer WTe 2 16, 19 we store devices in a vacuum immediately after fabrication.
Raman scattering measurements
Raman measurements are performed using a customized micro-Raman system that is integrated into an optical interferometric resonance measurement system (Fig. 1c) . WTe 2 flakes are preserved in a vacuum chamber with an optical window. The 532 nm laser is focused on the WTe 2 flakes in the vacuum chamber using a 50× microscope objective. The typical laser spot size is ∼1 µm and the laser power is limited to below 200 µW to avoid excessive laser heating. Raman scattered light from the sample is collected in backscattering geometry and then guided to a spectrometer (Horiba iHR550) with a 2400 g mm −1 grating. The Raman signal is recorded using a liquid-nitrogen-cooled CCD. The spectral resolution of our system is ∼1 cm −1 . Typical Raman spectrum measurement range for WTe 2 is 70 to 400 cm −1 . Unlike measurements that are conducted in air, we measure Raman scattering of WTe 2 in a vacuum ( p ∼ 10 mTorr). This vacuum environment can reduce effects from surface adsorbents such as O 2 and H 2 O which may lead to WTe 2 crystal degradation.
Interferometric resonance measurements
We study WTe 2 nanomechanical resonances using an ultrasensitive laser interferometry system (Fig. 1c) . We photothermally excite resonant motions in suspended WTe 2 structures using an amplitude modulated 405 nm blue laser. To avoid excessive heating, the blue laser is focused ∼5 µm away from the devices and power is limited to below 300 µW. The modulation depth and frequency of the 405 nm laser are controlled by a network analyzer (HP3577A), sweeping from 1 MHz to 50 MHz. A 633 nm red laser with an average power of 600 µW is focused onto the center of the WTe 2 devices to detect the resonant motion. Typical laser spot sizes are ∼5 µm and ∼1 µm for the 405 nm and 633 nm lasers, respectively. The output signal in the frequency domain is recorded by the same network analyzer.
